The ring-opening polymerization of macrolactones (C 15 -C 23 ) enables the production of long-chain aliphatic polyesters which are crystalline polymers with melting temperatures ranging from 98-106°C.
Introduction
Aliphatic polyesters may be sustainable alternatives to petrochemically-derived commercial polymers, especially where they are bio-derived and/or degradable. 1 In this context, the search for alternatives to polyolefins, such as polyethylene (PE), are particularly important due to the enormous current scales of polyolefin production and usage. 1e,2 Long-chain aliphatic polyesters show promise as more sustainable alternatives -they are able to match the properties of some classes of PE, for example showing melting temperatures, crystallinity and tensile strengths akin to PE. 1c,3 Furthermore, natural triglycerides, extracted from plants or even bio-synthesized by algae, can be used as the sources of the monomers. 2 The polyesters can be produced by either condensation routes or by the ring-opening polymerizations (ROP) of macrolactones. 4 Although both methods are successful and could be compatible with larger scale processes, the ring-opening polymerization is a chain growth reaction and so at the same conversion higher molecular weights should be achieved. Further, using ROP it is possible to control the molar mass and chain endgroups, and to produce copolymers. There has been a growing body of work demonstrating the promising physical-chemical properties for both homo-and copolymers prepared from macrolactones, most especially using ω-pentadecalactone (PDL). 3, 5 Nonetheless, a difference between ROP using macrolactones, compared to smaller lactones, is that there are generally similar rates of propagation and transesterification leading to broader molecular weight dispersity values and hindering block copolymer synthesis. Lactone ring-opening polymerization is also used commercially to prepare aliphatic polyesters such as polylactide. In the case of small ring sizes (<7 membered ring), the reaction is enthalpy driven and results in a release of ring-strain upon polymer formation. 1a,7 Substantial research has focussed on these smaller ring systems -there is good understanding of the thermodynamic factors controlling ring-strain and the kinetic factors enabling the production of more efficient catalysts. In contrast, larger ring-systems are less explored but are generally expected to undergo entropically driven polymerizations. 5l,6b,8 The macrolactone ω-pentadecalactone (PDL) (C 15 ) has been most widely explored and its thermodynamic parameters are consistent with entropy driven reactions: ΔH°p¼ 3 kJ mol À1 and ΔS°p¼ 23 J mol À1 K À1 ([PDL] eq = 0.016 M at 373 K). 7 Its polymerization was pioneered more than 20 years ago using lipase enzymes 5a,e,9 and has also been reported using various metal 6a,10 and organic catalysts. In the broader context of macrolactone ROP, the investigation of ring sizes greater than C 15 (PDL) remains much less explored. 5j,6a,d,e,12 We recently reported the preparation of nonadecalatone (C 19 ) and tricosalactone (C 23 ) from fatty acids. The ROP of these larger lactones was initially investigated using aluminium-salen catalysts and more recently successfully using lipase enzymes. In the case of the Al-salen catalysts, the polymerizations showed very low rates (NDL: average and unoptimized TOF = 4 h −1 ; TCL: average and unoptimized
) and overall conversions were very low -23% (NDL) and 5% (TCL) (Fig. 1) . 6e We recently reported the use of yttrium phosphasalen catalysts which show high activity and control in the ring-opening polymerization of lactide. 13 Given the poor performances of Al-salen catalysts in macrolactone ROP, it was of interest to investigate whether an yttrium-phosphasalen catalyst could be used to increase rates and overall conversions to polyester using the new macrolactones (Scheme 1).
Results and discussion
The yttrium catalyst (1), 13a NDL 6e and TCL 6e were synthesized according to published procedures and PDL was purchased and purified by distillation from CaH 2 . Firstly, the ROP of ω-pentadecalactone (PDL) was investigated in bulk monomer ([PDL] 0 = 3.8 M), at 373 K, using 1 mol% loading of yttrium catalyst (vs. monomer) ( Table 1 , entry 1). The reaction proceeded very rapidly as shown by near complete conversion to polymer occurring within 10 s, which equates to a turn-overfrequency of TOF ∼ 126 000 h −1 or 2100 min
Whilst a number of catalysts are reported for the ROP of PDL, the rates observed using 1 are qualitatively fast: ca. 6 times faster than the Nd complex (TOF = 330 min −1 , albeit measured at lower temperature), 16 times faster than the yttrium complex (TOF = 124 min −1 ), and 1200 times faster than the Al-
In order to allow monitoring of the reaction, polymerizations were also investigated using a 1 M solution of monomer in toluene, at room temperature and using a 1 mol% loading of the yttrium catalyst. The conditions were selected both to decrease the reaction rate and to enable understanding of the temperature range feasible for successful catalysis. Under these conditions, catalyst 1 enabled quantitative conversion of PDL to polyester within 4 h, i.e. TOF = 25 h −1 (Table 1 , entry 2) ( Fig. S4 and S5 †). The ability to catalyse polymerizations at room temperature was somewhat surprising but maybe useful as a means to increase conversion, it was previously reported that other fast catalysts do not operate at room temperature. The kinetics of the polymerisation at room temperature were analysed by regularly withdrawing aliquots from the reaction mixture. The analysis revealed a first-order rate dependence on monomer concentration and enabled determination of k obs = 2.28 ± 0.05 × 10 −4 s −1 (Fig. S6 and S7 †). The polymer number average molecular weight (M n ) was determined using size-exclusion chromatography (SEC) with trichlorobenzene as the eluent, at 433 K and the instrument was calibrated with narrow molecular weight polyethylene standards. The analysis showed a linear evolution of M n vs. monomer conversion, indicating a reasonably well-controlled polymerization, with experimental and theoretical values of molecular weight in good agreement (Fig. S8 †) . The dispersity values were around 2, which is as expected for macrolactone ROP and can be understood in terms of relatively similar rates of propagation and transesterification. Encouraged by the activity of 1 for the ROP of PDL, the use of nonadecalactone (NDL) was subsequently investigated. As mentioned, the previous ROP of NDL applied an aluminium salen catalyst and resulted in 23% conversion after 22 h, i.e. TOF = 4 h −1 (T = 373 K). 10 The first polymerizations were investigated using neat monomer at 298 K (note that NDL is liquid at this temperature) and applying 1 mol% of catalyst 1. Even under these low temperature conditions, catalyst 1 enabled 33% conversion within 25 h, i.e. TOF = 1 h −1 -with the overall conversion surpassing that previously obtained with Al-salen catalysts even at the lower reaction temperature (373 K vs. 298 K) (Fig. S15 -S17 †). It was also noted that the polymer precipitated, which prevented efficient agitation and so allows only approximate estimation of activity. The SEC analysis revealed that polymer molecular weights were significantly higher than expected, consistent with the heterogeneity of the reaction (Table 1 , entry 5). In order to prevent polymer precipitation, the polymerisation was investigated using neat monomer, at 373 K, and under fully homogeneous conditions, the TOF increased to 234 h −1 (Table 1 , entry 6; Fig. S18 and S19 †). Further experiments revealed that the conversion could be increased to 94% by conducting the polymerisation in toluene ( Fig. S20 and S21 †). Through appropriate tuning of conditions, TOF values up to 387 h −1 were feasible (Table 1, entry 7) with molecular weights close to predicted values ( Fig. S22 and S23 †) . The polymerization kinetics for NDL ROP were investigated by quenching a series of separate polymerizations at specific time intervals and the crude mixtures were analysed using 1 H NMR spectroscopy so as to determine the conversions of monomer and polymer (see ESI †). Analysis of the aliquots showed the high polymerization control exhibited by catalyst 1, with SEC analysis revealing a linear growth in molecular weights against conversion (Table 1, (Table 1, entry 11; Fig. S30-S32 †) . Both the conversion and the turn over frequency of the catalyst were significantly greater than the e Determined by SEC analysis (trichlorobenzene, 433 K, PE standards).
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Polymer Chemistry previous report for TCL ROP using an aluminium salen catalyst (TOF = 1 h −1 ). 6e Overall, the results using both NDL and TCL show that the low conversions obtained using Al-salen catalysts were a feature of low reaction rates and can be improved using the more active yttrium catalysts. Next, the polymerization kinetics using TCL were obtained by quenching reactions at specific time intervals and analysing the crude mixtures by NMR spectroscopy (see ESI †). The semilogarithmic plot of monomer concentration against time showed a linear fit indicating a first-order dependence on [TCL] and enabling determination of k obs = 3.06 ± 0.31 × 10 −3 s −1 (Fig. 2) . The equivalent rate constant for PDL ROP, under identical conditions, is k obs = 1.01 ± 0.11 × 10 −3 s −1 -i.e. TCL is polymerized approximately three times faster than PDL using catalyst 1 (Fig. S33 and S34 †) . The ROP of TCL catalyzed by 1 also showed a linear evolution of molecular weights with conversion, indicating good polymerization control. In line with these findings, the PTCL molecular weights were controlled by the catalyst loading and values in the range 17-60 kg mol −1 were obtained (Table 1, entries 11-13; Fig. S35 -S38 †). In order to further examine the ROP of TCL, a Van 't Hoff analysis was performed. The determination of [TCL] eq was conducted by carrying out polymerizations at various temperatures. For each reaction, exponential fits to monomer conversion vs. time allowed determination of the k obs values, the fits were in accordance with the first order dependence in monomer concentration and were carried out over >5.5 half-lives (Fig. S39-S42 †) . It is important to emphasise that the results are best described as semiquantitative since monomer and polymer resonances were observed to overlap in the NMR spectra and conversions required the use of peak deconvolution techniques (see ESI †). The thermodynamic parameters were determined as: ΔH°p¼ À 7:6 + 2:1 kJ mol
À1
and ΔS°p¼ 8:4 + 5:7 J mol À1 K
( Fig. S43 †) . Despite some uncertainty in the absolute values, particularly for the entropy, the equilibrium monomer concentration was determined to be 0.03 M (373 K) and was clearly independent of the reaction temperature, as would be expected for an entropically driven ROP. In terms of the polymers produced from the macrolactones, DSC analyses revealed crystalline polyesters with melting temperatures (T m ) at 102°C (PNDL) and 106°C (PTCL) ( Table 1 , entries 10 and 13; Fig. 3 ; Fig. S44 and S45 †). The small increase in T m for PTCL was attributed to the higher concentration of methylene groups in the main chain compared to PNDL (ESI †). In line with the findings, for PPDL T m = 97°C. polymerizations were effective under a range of conditions, including either in neat monomer or as solutions diluted in toluene, and the catalyst operated effectively over a broad temperature range: 25-100°C. The rapid rates allowed high conversions to polyester (NDL: 86%, TCL: 97%) which is a significant improvement compared to previous investigations using Al-salen catalysts. In addition to high rates and overall conversions, the polymerizations were well controlled yielding polymers with molecular weights in the range 10-60 kg mol −1 together with broad dispersity values (Đ ∼ 2). The polymerization thermodynamic parameters were determined for tricosalactone. The polymerization is entropically driven and the equilibrium monomer conversion is 0.03 M (373 K). Overall, the findings demonstrate the relevance and potential for catalyst development in macrolactone ROP. It is likely that further optimization of catalyst and conditions will enable the more efficient production of long-chain aliphatic polyesters, as class of materials with thermal properties akin to those of polyethylene but which are distinctive by being degradable.
